organs, and mucosal tissues, causing CD8 + T-cell dysfunction (Feller et al., 2008; Levy, 2009 ). CD4 + /CD8 + T cells play critical roles in the immune defense against almost all human pathogens, including viruses, and the depletion and dysfunction of these immune cells in HIV-positive patients can lead to the activation of herpesviruses (Griffin et al., 2008; Carbone et al., 2009) , which are usually only latent under normal immune surveillance (Roizman and Whitley, 1993) . Immune dysfunction caused by HIV may also promote infection and/or reactivation of HPVs, including the high-risk HPV types HPV 16 and HPV 18 (Hagensee et al., 2004; Leigh et al., 2004; Palefsky, 2009 ). HIV-associated reactivation of opportunistic viruses is known to cause several clinically important diseases, including malignant and nonmalignant lesions of the oral epithelium (Hagensee et al., 2004; Palefsky, 2009) . Although highly active antiretroviral therapy (HAART) is efficient in inhibiting HIV replication and recovery of the immune system, it does not substantially reduce the mucosal shedding of herpesviruses (Griffin et al., 2008) . Furthermore, HAART does not reduce the prevalence of HPV infection in mucosal epithelia (Hagensee et al., 2004; Palefsky, 2009) .
In this report, we review the evidence for molecular interactions between HIV and various opportunistic viruses, as well as the role of such interactions in viral activation and spread. We also discuss the potential role of HAART in HPV infection and activation and in the development of HIV/AIDS-associated malignancies. As such, we address the following questions:
Question 1: How does HIV interact with the oral opportunistic pathogens EBV, HCMV, HSV, VZV, HPV, and HHV-8? Question 2: Does HIV alter HSV-1 transmission, and vice versa? Question 3: What oral malignancies are associated with HIV/ AIDS? Which is primary and which is secondary-does one predispose an individual to the other? (Mbopi-Kéou et al., 2002; Hagensee et al., 2004; Leigh et al., 2004; Palefsky, 2009 ). Furthermore, HIV infection leads to asubstantial depletion of CD4 + T cells in peripheral blood, lymphoid s.M. tugizov 1 *, J.Y. Webster-cyriaque 2 , s. syrianen 3 , A. chattopadyay 4 , H. sroussi 5 , L. Zhang 6 , and A. Kaushal 7 HIV-associated activation and reactivation of opportunistic viruses in the oral cavity creates a favorable microenvironment for direct and indirect interaction between HIV and opportunistic viral pathogens. Cell-free HIV-1 virions and viral DNA/RNA can be isolated from saliva and oral mucosal epithelium of HIV/ AIDS patients (Kakizawa et al., 1996; Qureshi et al., 1997; Chou et al., 2000; Maticic et al., 2000) . HIV-infected lymphocytes and macrophages can be detected in the mucosal and submucosal layers of oropharyngeal epithelium (Chou et al., 2000; Jayakumar et al., 2005; Rodriguez-Inigo et al., 2005) , and electron microscopy can detect HIV virions within the tight junctions of oral epithelium (Qureshi et al., 1997) . Analysis of integrated HIV-proviral DNA by in situ polymerase chain reaction assay has shown that the HIV genome is present within the basal layer of stratified buccal epithelium (Qureshi et al., 1997) and in Langerhans cells within mucosal and submucosal layers of hairy leukoplakia lesions (Chou et al., 2000) . Presence of HSV-1, HCMV, EBV, HHV-8, VZV, and HPV in the oral lesional epithelium and saliva is well documented (Greenspan et al., 1985; McCullough and Savage, 2005; Miller et al., 2006; Tugizov et al., 2007) . Thus, HIV and opportunistic viruses may replicate in the mucosal intraepithelial and subepithelial lymphocytes, macrophages, and Langerhans cells and in mucosal epithelial cells, and such close coexistence of these pathogens in the oral mucosal compartment may increase their direct or indirect interactions. Furthermore, shedding of HIV and opportunistic viruses into saliva may allow their direct interaction with the mucosal surface. Interaction of viral proteins with mucosal epithelial cells, as well as intraepithelial and subepithelial lymphocytes, macrophages, and Langerhans/dendritic cells, may modulate multiple signaling events at the cellular and tissue levels and therefore play a significant role in the pathogenesis of HIV-associated oral mucosal disease.
One of the best-known signaling pathways modulated by viruses is the nuclear factor kappa-light chain enhancer of activated B cells (NF-κB), which is involved in the regulation of transcription of viral and cellular genes. HIV tat protein activates phosphoinositide 3-kinase (Ganju et al., 1998; Milani et al., 1998; Urbinati et al., 2005) , which in turn induces IκB kinase, leading to the translocation of NF-κB to nuclei. HIV tat is efficiently secreted from HIV-infected cells and internalized by nearby cells (Ensoli et al., 1993; Chang et al., 1997) . Tat protein exits from cells via a Golgi-independent, leaderless secretory pathway (Chang et al., 1997) . Tat's basic domain (49-57 aa) contains a unique motif (RKKKRRQRRR) called the protein transduction domain, which is responsible for its penetration/endocytosis into cells and subcellular localization (Vives et al., 1997; Nagahara et al., 1998) . Tat's protein transduction domain may mediate its spread within tissues using endocytosis and transcellular transcytosis pathways. For example, within a few hours after intraperitoneal injection of a β-galactosidase fusion protein containing the tat protein transduction domain into mice, β-galactosidase was detected in all tissues, including liver, kidney, heart, lung, and brain (Schwarze and Dowdy, 2000) . Peptides fused to the tat-BD domain have been shown to migrate across polarized epithelial cells by endocytosis and transcytosis (Lindgren et al., 2004; Herve et al., 2008) . HIV tat has also been shown to penetrate the superficial part of the intact stratified epithelium of the cornea and wounded cornea, allowing rapid and intensive penetration of tat into the deeper stratified epithelium and stromal tissue (Guo et al., 2004) . Thus, secretion of HIV-tat from intraepithelial and subepithelial immune cells may lead to its penetration into mucosal epithelial cells, where it can activate NF-κB. HIV-tat-mediated activation of NF-κB in epithelial cells may activate latent herpesviruses, because most herpesviral promoters have response elements to NF-κB (Santoro et al., 2003) . Activation of NF-κB may also lead to the upregulation of HPV oncoproteins, facilitating the progression of HPV neoplastic processes (Ruutu et al., 2002; Kim et al., 2009) . HIV-tat also activates HPV replication, its protein expression, and the proliferation of HPV-infected keratinocytes (Vernon et al., 1993; Buonaguro et al., 1994; Kim et al., 2008) . These findings suggest that HIV tat may activate gene expression and/or replication of opportunistic viruses within the oral mucosa and contribute to the development of HIV-associated oral diseases.
HIV-associated activation and dissemination of opportunistic viruses within the oral mucosal epithelium may occur by HIVmediated activation of proinflammatory cytokines. Activation and secretion of proinflammatory cytokines-such as IL-12, IL-6, IL-8, and TNF-α-in HIV-infected intraepithelial macrophages and dendritic cells induces apoptotic and nonapoptotic changes in intestinal epithelial cells and disrupts their barrier function (Stockmann et al., 2000; Schmitz et al., 2002) . HIVassociated barrier dysfunction may also attenuate the innate immune functions of the intestinal epithelium (Sankaran et al., 2008) . The functional effects of barrier and innate immune impairment of the oral epithelium are not yet known in the context of HIV-mediated upregulation of proinflammatory cytokines. Disruption of the oral epithelial barrier may lead to the opening of paracellular spaces and the reentry of HSV-1/2, HCMV, EBV, VZV, or HPV, which can all be secreted at high levels into saliva (Fidouh-Houhou et al., 2001; Brengel-Pesce et al., 2002; Miller et al., 2006) . Furthermore, disruption of mucosal epithelia may allow superinfection by new strains of these viruses. For example, disruption of the corneal epithelium was found to lead to superinfection by HSV-1 (Remeijer et al., 2002) . Similarly, disruption of the intestinal mucosal epithelium in inflammatory bowel disease causes superinfection by HCMV (Berk et al., 1985) . Thus, HIV-associated disruption of the oral epithelium may lead to penetration by HSV-1/2, HCMV, EBV, VZV, or HPV via paracellular spaces, allowing them to infect the immune and epithelial cells of the oral mucosa and leading to local and systemic opportunistic infection.
Opportunistic viruses may also activate HIV replication within the oral microenvironment by interacting with the HIV transcription machinery. Herpesviral immediate early proteins transactivate the HIV long terminal repeat (LTR) and therefore facilitate HIV replication. HSV-1 immediate early proteins ICP0, ICP4, and ICP27 and transactivating proteins IE110 and IE175 all induce the transactivation of HIV-1 LTR by upregulating the NF-κB and SP1 transcription factors (Mosca et al., 1987; Margolis et al., 1992) . Similarly, HCMV immediate early proteins IE1 and IE2 promote the transactivation of the HIV-1 LTR by upregulating NF-κB (Ghazal et al., 1991; Yurochko et al., 1995) . The EBV nuclear antigen EBNA-2 may also transactivate the HIV LTR in synergy with HIV tat (Zhang et al., 1997) . Finally, HIV LTR has been shown to be activated by HHV-8 immediate early protein KIE2 and latency-associated nuclear antigen (Hyun et al., 2001) .
These findings suggest that in the oral cavity, HIV may directly and/or indirectly interact with HSV-1/2, HCMV, EBV, VZV, and HPV and that these interactions may have synergistic effects on the replication of both HIV and opportunistic viruses, promoting the progression of viral disease within the oral mucosa.
Question 2

Does HIV alter HSV-1 transmission, and vice versa?
HIV-associated HSV-1 activation is a common oral manifestation of HIV/AIDS disease. One of the critical mechanisms of HSV-1 activation in HIV-infected immunocompromised individuals is HIV-mediated immune dysfunction (Griffin et al., 2008) . In healthy individuals, HSV infection is mainly latent but can be reactivated by various stimuli, including physical and emotional stress, after which it usually spreads only locally (Roizman and Whitley, 1993; Lachmann, 2003) . Both the humoral and cellular immune systems are critical for control of HSV replication upon its reactivation (Corey et al., 2004; Griffin et al., 2008) . The neutralizing antibodies against herpesviral glycoproteins play a critical role in controlling of viral reactivation (Corey et al., 1999; Mott et al., 2007) . The NK cells and cytotoxic T lymphocytes may play a major role in elimination of HSV-1 infected cells (Koelle et al., 1998; Reading et al., 2006) . HIV-associated immune deficiencies, including CD4 + T-cell depletion and CD8 + T-cell dysfunction, lead to impairment of immune control of HSV replication and may therefore cause development of extensive mucocutaneous lesions (Griffin et al., 2008) . HIV-associated extended HSV-1 reactivation and development of chronic lesions may result in extensive shedding of infectious virions into saliva, which may serve as a potential source of HSV for transmission to other individuals.
Although HIV transmission through the adult oral epithelium is rare (Tudor-Williams and Lyall, 1999; Page-Shafer et al., 2006) , HSV-1-associated oral lesions may facilitate HIV transmission across this epithelium because of disruption of epithelial integrity. Furthermore, in HIV-infected individuals, HSV-induced disruption of the oral epithelium may serve as a portal for the entry of new HIV strains. Moreover, HIV transmission might be further facilitated by migration of HIV-susceptible immune cells toward the disrupted epithelium as a result of the inflammatory processes associated with herpetic lesions (Corey, 2007; Rebbapragada et al., 2007) . HIV and HCMV (Maheshwari et al., 2006; Fox-Canale et al., 2007) , as well as HIV and HSV-1, can coinfect the same macrophages or epithelial cells in vivo (Heng et al., 1994) . Thus, within the herpetic lesions, some HIV-susceptible cells might be infected with HIV and HSV-1. As we describe above, this could lead to upregulation of HIV replication via transactivation of its LTR by HSV immediate early proteins and transactivating proteins.
Question 3
What oral malignancies are associated with HIV/ AIDS? Which is primary and secondary-does one predispose to the other?
Accumulated evidence indicates that HIV/AIDS facilitates development of neoplastic processes, including oral malignancies such as Kaposi sarcoma, B-cell lymphomas (Burkitt lymphoma, Hodgkin disease, non-Hodgkin and plasmablastic lymphomas), and basal and squamous cell carcinomas (Epstein, 2007; Carbone et al., 2009) . The incidence of these cancers in HIV-infected patients is about 2-to 3-fold higher than that in HIV-negative individuals. Kaposi sarcoma is the most common malignancy in HIV/AIDS. Oral Kaposi sarcoma is an HHV-8infected and angioproliferative malignant lesion, which can appear in the palate, gingiva, and tongue (Carbone et al., 2009) . Interestingly in the HAART era, Kaposi sarcoma even persists in patients with undetectable HIV viral loads and CD4 counts above 300 (Mani et al., 2009 ). HIV-associated B-cell lymphomas mostly originate from EBV-infected B-cell lymphoblasts, and they may develop into soft tissue masses within the gingival and palate mucosa and the mandible (Carbone et al., 2009) . The plasmablastic lymphoma of the oral cavity also originates from lymphoproliferative B cells, which are frequently infected with EBV; however, the plasmablastic lymphoma cells do not express B-cell markers (CD20 and PAX5) but, rather, the plasma cell markers (CD138/syndican-1, MUMI/IRF4, and VS38c), indicating that these cells may have an unusual immunophenotype (Carbone et al., 2009) . Although introduction of HIV HAART has substantially reduced HIV replication and HIV-mediated immune system dysfunction, it has not affected the incidence of HIV/AIDS-associated lymphomas-particularly, non-Hodgkin lymphomas (Epstein, 2007) .
Oral squamous cell carcinomas in HIV-infected individuals have been detected in the oral and oropharyngeal mucosal epithelium and lips, and these cancers are typically found at more advanced stages and have poorer survival rates (Epstein, 2007) . Malignant and nonmalignant oral squamous lesions and warts are mostly associated with high-risk HPV types 16, 18, and 31 (Hagensee et al., 2004) . Furthermore, tobacco and alcohol use may serve as risk factors for development of oral squamous cell carcinomas (Epstein, 2007) .
As described above, most HIV/AIDS-associated oral cancer cells are infected with HHV-8, EBV, or HPV, suggesting that loss of cytotoxic T-lymphocyte responses or direct and indirect molecular interactions between HIV and these opportunistic viruses may lead to the promotion of neoplastic processes. Synergistic activation of HIV, EBV, HHV-8, and HPV in oral mucosa may enhance the oncogenic role of EBV, HHV-8, and HPV and may therefore increase the incidence of oral neoplastic processes. NF-κB-dependent cytokines-including TNF-α, IL-1, IL-6, and IL-8-in the saliva of patients with malignant and premalignant lesions are elevated (Rhodus et al., 2005) , suggesting that abnormal upregulation of the these proinflammatory cytokines may promote the development of oral malignancies. Because HIV and oral opportunistic virions may activate these proinflammatory cytokines in oral mucosa, virusmediated cytokine induction may facilitate oral neoplasia.
HIV/AIDS-associated primary cancer may predispose and initiate secondary cancers. For example, in a case study, 2 HIVinfected patients first developed HPV-related anal squamous cell carcinoma (Chaiyachati et al., 2008) , then later developed oral squamous cell carcinoma. These events suggest that analgenital and oral-genital sexual contacts facilitate dissemination of high-risk HPVs from the anal site to the oral site and therefore initiate subsequent neoplastic process from anal mucosa into oral mucosa, or vice versa.
Question 4
How does HAART relate to oral HPV infection and disease, warts, and cancer?
HIV infection is consistently associated with a higher prevalence and incidence of HPV infection, which is well correlated with the development of benign and malignant mucosal epithelial lesions, including those in the oral epithelium (Hagensee et al., 2004; Leigh et al., 2004; Palefsky, 2009) . Although HIV HAART drastically reduces oral lesions associated with HSV-1 and HCMV and corresponds with a significant decline in the EBV-associated hairy leukoplakia lesion (Patton, 2000) , it does not have a significant therapeutic effect on the development of HPV-infected malignant or nonmalignant lesions (Hagensee et al., 2004; Hodgson et al., 2006; Cameron and Hagensee, 2008; Palefsky, 2009) . HIV HAART-associated increase of HPV infection has been detected with high-risk HPV types 16, 18, and 31, which can cause malignant and nonmalignant lesions of oral mucosal epithelium (Hagensee et al., 2004) . Overall, the prevalence of HPV infection or precancer in those on HAART has not diminished.
The mechanisms of HAART-associated increase in HPV infection are not well understood. The increase could be due to the natural history of HPV infection-that is, from the initial entry of virus into the basal epithelium to the full manifestation of malignant/nonmalignant epithelial lesions. It is possible that, before the HAART era, HIV/AIDS patients died before the appearance of HPV-infected lesions and that HAART-associated prolongation of life in HIV-infected patients now allows the development of HPV-mediated benign and neoplastic changes. HAART-mediated immune reconstitution might also be associated with the appearance HPV-infected lesions owing to upregulation of proinflammatory chemokine/cytokines, which may facilitate activation of HPV replication (Meys et al., 2010) . However, an analysis of epithelial cells of HPV-infected warts did not indicate significant upregulation of chemokine/cytokines (Lilly et al., 2005) , suggesting that secretion of chemokine/cytokines from activated immune cells may promote HPV replication in a trans manner.
The increase in HIV HAART-associated HPV infection may be related to HAART treatment. As such, HAART may affect the key functions of mucosal epithelia, including their differentiation and stratification, and may therefore reduce the barrier function of the oral epithelium, leading to penetration of HPV to the basal cells-that is, disruption of the oral epithelium results in a higher level of HPV infection. It is also possible that HAART modulates gene expression in epithelial cells and so may increase the binding, entry, and/or replication of HPV.
Finally, components of HAART may directly interact with HPV proteins and activate HPV replication and/or gene expression.
Question 5
What immune mechanisms make HIV+ patients susceptible to other viral infections?
The immune mechanisms of HIV-associated susceptibility of opportunistic viruses-including HSV-1/2, HCMV, EBV, VZV, and HPV-is mainly due to HIV-mediated impairment of systemic and local (i.e., mucosal) immune systems Paiardini et al., 2008) . It was recently determined that HIV-mediated suppression of interferon regulatory factor 3 promotes HIV-1 infection and disables the innate antiviral defenses of the host cell. Global disruption of innate antiviral responses by HIV-1 may increase susceptibility of host cells to various opportunistic viral infections (Doehle et al., 2009) . HIV infection and depletion of CD4 + T cells leads to dysfunction of CD4 + T lymphocytes, which is a key player in the control of opportunistic viruses. HIV-associated dysfunction of the T-lymphocytebased systemic immune system results in the weakening or lack of surveillance mechanisms for reactivated opportunistic viruses and therefore leads to their uncontrolled replication. Subsequently, HIV-associated impairment of the mucosal immune system promotes spread of opportunistic viruses within the mucosal epithelium. Although HIV-caused systemic immune dysfunction has been investigated in great detail, the HIV-associated immune dysfunction of the mucosal epithelium-particularly, the oral mucosal epithelium-has not been well investigated. Analysis of the gut mucosal epithelium has shown that HIV infection may cause rapid and substantial depletion of mucosa-associated lymphoid tissue-based memory CD4 + /CCR5 + T lymphocytes (Paiardini et al., 2008) . In contrast, virtually nothing is known about the role of HIV infection in the function of the oral mucosal immune system.
Oronasopharyngeal mucosal epithelia play a key role in the regulation of the immune systems at not only at the local, mucosal level but also the systemic level. The oropharyngeal mucosal tissue contains a broad-spectrum cell population representing both the adaptive and innate immune systems: CD4 + and CD8 + T cells and their subsets; lymphoid aggregates; and antigenpresenting cells, including Langerhans cells, macrophages, B lymphocytes, eosinophils, and mast cells (Jotwani et al., 2001; Zhao et al., 2002) . Langerhans cells and macrophages in the oral epithelium have an antigen presentation function for T cells that activates an adaptive immune response (Ozbilgin et al., 2004) . Thus, Langerhans/dendritic cells and macrophages serve as bridges between the innate and adaptive immune systems (Foti et al., 2004; Hoebe et al., 2004) . The oropharyngeal epithelium may play a critical role in this bridge by regulating and enhancing the interaction of intraepithelial dendritic cells and macrophages with T-cell subsets. Oral epithelial cells may have a stronger costimulatory effect on allogeneic Langerhans cells and T-cell interactions than that of skin epithelial cells (Hasseus et al., 2004) . Oral epithelial cells may express a number of cell surface proteins and soluble factors that may enhance the maturation of Langerhans cells and the proliferation of T cells (Hasseus et al., 2004) . Furthermore, oral epithelial cells express Toll-like receptors (Beklen et al., 2008) , which might be critical for the innate immune response of oral mucosa against HIV and opportunistic viruses.
HIV may infect the immune cells in oral mucosa (Chou et al., 2000; Jayakumar et al., 2005) ; however, the role of HIV in dysfunction and/or modulation of the oral mucosal immune system is poorly understood. It is possible that HIV infection of oral mucosal immune cells impairs their adaptive and innate functions at the local level and therefore increases the susceptibility of oral mucosa to other opportunistic infections. For example, HIV-associated severe depletion of Langerhans cells and macrophages in the mucosal epithelium of oral hairy leukoplakia (Daniels et al., 1987; Tugizov et al., 2007) may be a critical factor permitting intensive infection by EBV in the hairy leukoplakia epithelium (Greenspan et al., 1985) .
suMMArY And recoMMendAtions
HIV-associated activation of opportunistic viruses in the oral cavity might be due to direct and/or indirect interactions between HIV and opportunistic viruses. Such interactions may result in a synergistic effect on the development of malignant and nonmalignant oral lesions. Viral interactions within the oral mucosa may modulate cell signaling pathways that enhance the mutual activation of viruses and the reduction of the barrier and innate immune functions of the oral epithelium. Future investigation into the molecular mechanisms of viral interactions within the oral mucosa may help to reveal the pathogenic mechanisms of oral diseases and may open new possibilities for treatment of HIV-associated oral diseases. The HAART-associated infection and activation of HPV in the oral epithelium is increasing, and its molecular mechanism is not well understood. It is possible that components of HAART directly or indirectly facilitate HPV infection or activation of the oral epithelium. Investigation into the role of HAART in HPV infection, activation, and dissemination may elucidate the mechanism of HAART-associated HPV infection and HPV-related oral lesions. Oral mucosal epithelia contain epithelial and immune compartments, which play a key role in the normal functioning of the innate and adaptive immune systems at local and systemic levels. Infection by HIV and opportunistic viruses in the oral mucosa may cause complex changes in the epithelial and immune cells of oral mucosa, leading to the impairment of the oral immune system and its barrier functions. Detailed investigation of the role of HIV and opportunistic viruses in immune and barrier functions of oral mucosa may elucidate the molecular mechanism of HIV-associated susceptibility of oral mucosa to infection by opportunistic viruses. 
